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1. 

METHOD FOR INCREASING BIOAVAILABILITY 
OF ORAL PHARMACEUTICAL COMPOSITIONS 

This invention was made with Government support under Grant No. GM 
5 26691, awarded by the National Institutes of Health. The Government has certain 
rights in this invention. 

INTRODUCTION 

Technical Field 

10 This invention is directed to the field of pharmacology and particularly to 

the formulation of pharmaceutical compositions for increased bioavailability. 

Background 
BioavailabUity 

15 Pharmacokinetics is the study of the fate of pharmaceuticals from the time 

they are ingested until they are eliminated from the body. The sequence of events 
for an oral composition includes absorption through the various mucosal surfaces, 
distribution via the blood stream to various tissues, biotransformation in the liver 
and other tissues, action at the target site, and elimination of drug or metabolites 

20 in urine or bile. 

Bioavailability of a drag (pharmaceutical composition) following oral dosing 
is a critical pharmacokinetic determinant which can be approximated by the 
following formula: 

FonJ = FaBS X Fq X Fh 

25 Fqj^ is oral bioavailability fraction, which is the fraction of the oral dose 

that reaches the circulation in an active, unchanged form. F^^ is less than 100% 
of the active ingredient in ttie oral dose for three reasons: drag is not absorbed 
through the GI tract and is eliminated in the feces; drag is biotransformed by the 
cells of the intestine (to an inactive metabolite); or drag is eliminated by the cells 

30 of the liver, either by biotransformation and/or by transport into the bile. Thus, 
oral bioavailability is the product of the fraction of the oral dose that is absorbed 
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(Fabs)» the fraction of the absorbed dose that successfully reaches the blood side 
of the gastrointestinal tract (Fq), and the fraction of the drug in the GI blood 
supply that reaches the heart side of the liver (Fh). Previous drug formulations 
have attempted to increase drug efficacy by increasing drug absorption. For 
5 example, methods have been used to increase drug absorption using liposomes as 
carriers and designing more lipophilic drugs. These methods can increase drug 
absorption; however, they fail to address other ways of increasing drug 
bioavailability. 

Liver Biotransformation and Biliary Secretion 

10 The liver affects drug bioavailability. All blood from the gastrointestinal 

tract passes through the liver before going elsewhere in the body in all mammals, 
including humans. Due to its location, liver transformation of orally dosed drugs 
has a substantial "first-pass effect" on drug bioavailability that was thought to 
exceed effects in the gut, as discussed by Yun K. Tam in "Individual Variation in 

15 First-Pass Metabolism," Clin. Pharmacokinetics 25:300-328 (1993): 

Enzyme activity in the small intestine is lower than 
in the liver. In humans, the liver to intestine 
cytochrome P450 ratio has been reported as ^^20, 
suggesting that the contribution of intestinal phase I 
20 biotransformation to the overall metabolism of a drug 

is unlikely to be important, (op. cit. 303) 

Elimination of active drug by the liver occurs by one or both of two general 

pathways, namely biotransformation of the drug and excretion of the drug into the 

bile. Biotransformation reactions have been classified into two broadly defmed 

25 phases. Phase I biotransformation often utilizes reactions catalyzed by the 
cytochrome P450 enzymes, which are manifold and active in the liver and 
transform many chemically diverse drugs. A second biotransformation phase can 
add a hydrophilic group, such as glutathione, glucuronic acid or sulfate, to increase 
water solubility and speed elimination through the kidneys. 

30 Hepatocytes have contact with many types of blood and other fluid-transport 

vessels, such as the portal vein (nutrient and drug-rich blood from the gut), the 
hepatic arteries (oxygenated blood direct from the heart), the hepatic veins (efflux), 



wo 95/20980 



PCT/US95/00347 



3. 

lymphatics (lipids and lymphocytes), and bile ducts. The biliary ducts converge 
into the gall bladder and common bile duct that excretes bile into the upper 
intestine, aiding digestion. Bile also contains a variety of excretory products 
including hydrophobic drugs and drug metabolites. 
5 Traditional solubility rate limiting approaches to increasing drug efficacy 

have focused on increasing solubility and membrane permeability. Where 
metabolism-based approaches have been considered, they have focused on 
biotransformation in liver. Although methods exist that affect biotransformation 
in the liver, these methods are inadequate because they affect general liver 
10 metabolism and can produce broad non-specific systemic effects. 
Cytochromes 

Most biotransformation is performed by enzymes called "mixed function 
oxidases" containing cytochromes, molecules with iron-containing rings, that help 
reduce oxygen to water. The cytochrome-containing enzymes that transform drugs 

15 use radical oxygen. When oxygen is reduced to its reactive radical form, it reacts 
immediately with the drug at the oxygen reduction site. 

Most research on cytochromes involved in drug biotransformation focuses 
on inter-individual differences in cytochrome activity because such differences 
appear to be the dominant mechanism for differences in elimination of 

20 pharmaceuticals between individuals. Large inter-individual differences observed 
in the effects of drugs are at least in part determined by the variation of the 
expression and catalytic activity of the cytochromes P450. 

The sources of the inter-individual variation in the catalytic activity of the 
cytochromes P450 can be divided into four general categories. The first is the 

25 influence of genetics on the expression of the cytochromes P450. Significant inter- 
individual variability can occur for each of the cytochromes P450. Genetic 
polymorphisms have been well characterized for the two cytochromes P450 
responsible for debrisoquine/sparteine metabolism (CYPID6; cytochrome families 
are defined below) and (S)-mephenytoin 4' -hydroxy lation (possibly CYP2C19). 

30 The second source of inter-individual differences is that several of the human 
cytochromes P450 are inducible. That is, the content as well as the catalytic 
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activity of these cytochromes P450 is increased by exposure of an individual to 
particular classes of drugs, endogenous compounds, and environmental agents. 
Thirdly, the activity of the cytochromes P450 can be inhibited or the cytochromes 
P450 can be inactivated by drugs and environmental compounds. This includes 
5 competitive inhibition between substrates of the same cytochrome P450, inhibition 
by agents that bind sites on the cytochrome P450 other than the active site, and 
suicidal inactivation of the cytochrome P450 by reactive intermediates formed 
during the metabolism of an agent. Another source of inter-individual differences 
is host factors. These factors include disease states, diet, and hormonal influences. 

10 Inter-individual differences in the level of expression and catalytic activity of the 
various cytochromes P450 can result in an altered response to a drug (individuals 
can be hypo- or hyper-responsive), a toxic response to unusual levels of a drug or 
metabolite, and individual sensitivity to chemical carcinogens. 
Multiple Drug Resistance 

15 Cancer cells that become resistant to one chemotherapeutic drug often 

become resistant to an entire group of chemotherapeutic drugs. This phenomenon 
is usually called multiple drug resistance (MDR). 

Many patients on chemotherapy initially have striking remissions but later 
relapse and die from cancer that exhibits resistance to a wide array of structurally 

20 unrelated antineoplastic agents. The MDR phenomenon includes cross-resistance 
among the anthracyclines, the epipodophyllotoxins, the vinca alkaloids, taxol, and 
other compounds. A number of drugs are able to reverse MDR, including calcium 
channel blockers, phenothiazines, quinidine, antimalarial agents, antiestrogenic and 
other steroids, and cyclosporine. Liposome therapy also reverses MDR, with or 

25 without a drug on board. 

In vitro studies in the past indicate that this form of resistance is associated 
with amplification or over-expression of the mdr-l gene in tumors. The mdr-l 
gene codes for the expression of a cell surface protein, P-glycoprotein (P-gp), a 
transmembrane protein which acts as an energy-dependent efflux pump that 

30 transports drugs associated with MDR out of the tumor cell before cytotoxic effects 
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occur. ATP hydrolysis on the cytoplasmic face of P-gp is required for export of 
hydrophobic compounds from a tumor cell. 

Normal mdr-1 expression occurs in secretory epithelial cells of the liver, 
pancreas, small intestine, colon, and kidney; endothelial capillary cells of the brain 

5 and testis; placental trophoblasts; and the adrenal gland. In the liver, P-gp is 
localized on the biliary domain of the hepatocyte membrane. In the small intestine 
and colon, P-gp is present on the luminal side of epithelial cells. P-gp transports 
dietary toxins back into the lumen and therefore helps prevent the toxins from 
being absorbed into the portal circulation. 

10 Clinical studies have also previously shown that pharmaceuticals that are 

effective in eliminating MDR of tumor cells in vitro (apparently by inhibition of 
P-gp) restore chemotherapeutic cytotoxicity in vivo. Studies with small numbers of 
patients suggest that the addition of verapamil, diltiazem, quinine, trifluoperazine, 
or cyclosporine to chemotherapeutic regimens has the potential to reverse MDR. 

15 Absorption By The Gut 

Absorption across epithelia, in particular intestinal epithelia, also affects 
drug bioavailability. The intestine lumen presents a convoluted surface that 
increases the surface area of the intestine to facilitate absorption of both nutrients 
and drugs. The membrane of the enterocyte contains many transport proteins that 

20 actively carry nutrients from the lumen of the gut into the interior of the 
enterocytes. Many molecules, including many drugs, passively diffuse or are 
actively transported through the membrane and into the cytoplasm. Most nutrients 
and drugs pass through the enterocyte and eventually diffuse into the capillary net 
on route to the portal circulation system and the liver. 

25 The intestine can also pump drugs out of the intestine and back into the 

lumen. The ability of the intestine to pump drugs out of the tissue has been 
thought to be important in protection against potentially damaging hydrophobic 
cations and toxins and for protection against small intestine cancer. No drugs or 
formulations have been designed to reduce pumping of drugs back into the intestine 

30 to increase drug bioavailability prior to the present invention. 
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SUMMARY OF THE INVENTION 
The invention is concerned with optunization of drug bioavailability. The 
25 invention maximizes drug bioavailability by increasing net drug absorption or 
decreasing drug biotransformation in the gut by using either cytochrome P450 drug 
metabolism inhibitors or P-glycoprotein (P-pg) drug transport inhibitors, both of 
which are called "bioenhancers" for the purposes of this invention. 

An important object of the invention is inhibiting enzymes of the 
30 cytochrome P450 3A class (CYP3A) in the gut in preference to other locations, 
such as the liver, which was previously thought to be the primary site of drug 
metabolism. Another object of the invention is to inhibit P-gp-controlIed back 
transport to increase the net transport of drugs through the enterocyte layer, 
causing an increase in the bioavailability of the drug, since the protein P-gp pumps 
35 drugs that have been transported into the cytoplasm of the enterocytes back into the 
lumen of the gut. 

The invention is carried out by coadministration of one or more 
bioenhancers with a drug or drugs to increase drug bioavailability. The 
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compositions and methods of the present invention can be used to increase drug 
efficacy in humans and in other mammals. Although veterinary use is specifically 
contemplated, the primary use will be in human treatment. Administration 
schemes include, but are not limited to, use of oral and topical formulations in 
5 humans and use of similar formulations for livestock. 

One specific object of the present invention is to reduce inter-individual 
variability of the systemic concentrations of the compound, as well as intra- 
individual variability of the systemic concentrations of the pharmaceutical 
compound being administered. 

10 

BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 is a diagram of enterocyte cytochrome P450 3A drug metabolism 
and P-glycoprotein drug transport mechanisms that lead to decreased drug 
bioavailability. 

15 Figure 2 is a graph showing the increase in cyclosporine (CYA) 

bioavailability caused by co-administration of ketoconazole (KC), a bioenhancer. 
Pre-rV indicates administration of CYA prior to IV administration of KC. Post-IV 
indicates administration of CYA after IV administration of KC. Pre-PO indicates 
oral administration of CYA prior to oral administration of KC. Post-PO indicates 

20 oral administration of CYA after oral administration of KC. The data illustrate an 
increase in integrated systemic drug concentrations over time due to the addition 
of a bioenhancer, as indicated by the increase in the area under the curve from pre- 
PO to post-PO which is markedly greater than the enhancement seen for the 
increase in the area under the curve (AUC) from pre-IV to post-IV. 

25 

DESCRIPTION OF SPECIFIC EMBODIMENTS 

Bioenhancers Increase Drug Bioavailabilitv 

The present invention is based on a new discovery of various factors 
30 affecting drug bioavailability. "Drug bioavailability" is defined as the total amount 
of drug systemically available over time. The present invention increases drug 
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bioavailability by inhibiting drug biotransformation in the gut and/or by inhibiting 
active transport systems in the gut which decrease the net transport of drugs across 
gut epithelia. In either case the composition responsible for increased drug 
bioavailability is called a bioenhancer in this specification. It has been discovered 

5 that, in contrast to previous teachings about the primacy of liver metabolism, the 
gut is the primary location of drug transformation for many drugs, if not the 
majority of drugs dosed orally. Thus, bioenhancers specifically targeted to the gut 
provide a number of advantages, as described in detail below. 

In general, the present invention provides a method for increasing the 

10 bioavailability of an orally administered pharmaceutical compound (particularly one 
which is hydrophobic), which comprises orally administering the pharmaceutical 
compound to a mammal in need of treatment concurrently with a bioenhancer 
comprising an inhibitor of a member of the cytochrome P450 3A enzyme family 
or an inhibitor of P-glycoprotein-mediated membrane transport (or both), the 

15 bioenhancer being present in sufficient amount to provide integrated systemic 
concentrations over time of the compound greater than the integrated systemic 
concentrations over time of the compound in the absence of the composition. 
Changes in the integrated systemic concentrations over time are indicated by the 
area under the curve (AUC) defined below. In preferred embodiments side effects 

20 are reduced by providing a bioenhancer that is active only (or primarily) in the gut, 
either because of its structure or because of deliberately selected concentration 
effects. 

Bioavailabilitv Measurements 

25 The increase in drug bioavailability attributable to administration of the 

bioenhancer can be determined by measuring total systemic drug concentrations 
over time after coadministration of a drug and a bioenhancer and after 
administration of only the drug. The increase in drug bioavailability is defined as 
an increase in the Area Under the Curve (AUC). AUC is the integrated measure 

30 of systemic drug concentrations over time in units of mass-time/ volume. The AUC 
from time zero (the time of dosing) to time infinity (when no drug remains in the 
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body) following the administration of a drug dose is a measure of the exposure of 
the patient to the drug. When efficacy of the bioenhancer is being measured, the 
amount and form of active drug administered should be the same in both the 
coadministration of drug and bioenhancer and the administration of the drug alone. 

5 For instance, administration of 10 mg of drug alone may result in total systemic 
drug delivered over time (as measured by AUC) of 500 /ig-hr/ml. In 
coadministration (i.e., in the presence of the bioenhancer) the systemic drug AUC 
will increase to 700 /xg-hr/ml. However, if significantly increased drug 
bioavailability in the presence of the bioenhancer is anticipated, drug doses may 

10 need to be reduced for safety. Systemic drug concentrations are measured using 
standard in vitro or in vivo drug measurement techniques. "Systemic drug 
concentration" refers to a drug concentration in a manunal's bodily fluids, such as 
serum, plasma or blood; the term also includes drug concentrations in tissues 
bathed by the systemic fluids, including the skin. Systemic drug concentration 

15 does not refer to digestive fluids. The increase in total systemic drug 
concentrations is one way of defining an increase of drug bioavailability due to 
coadministration of bioenhancer and drug. For drugs excreted unmetabolized in 
the urine, an increased amount of unchanged drug in the urine will reflect the 
increase in systemic concentrations. 

20 

Characteristics of Drugs Used With Bioenhancers 

The word "drug" as used herein is defined as a chemical capable of 
administration to an organism which modifies or alters the organism's physiology. 
More preferably the word "drug" as used herein is defined as any substance 

25 intended for use in the treatment or prevention of disease. Drug includes synthetic 
and naturally occurring toxins and bioaffecting substances as well as recognized 
pharmaceuticals, such as those listed in "The Physicians Desk Reference," 47th 
edition, 1993, pages 101-321; "Goodman and Oilman's The Pharmacological Basis 
of Therapeutics" 8th Edition (1990), pages 84-1614 and 1655-1715; and "The 

30 United States Pharmacopeia, The National Formulary", USP XXII NF XVII 
(1990), the compounds of these references being herein incorporated by reference. 
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The term drug also includes compounds that have the indicated properties that are 
not yet discovered or available in the U.S. The term drug includes pro-active, 
activated and metabolized fonns of drugs. The present invention can be used with 
drugs consisting of charged, uncharged, hydrophilic, zwitter-ionic, or hydrophobic 
5 species, as well as any combination of these physical characteristics. A 
hydrophobic drug is defined as a drug which in its non-ionized form is more 
soluble in lipid or fat than in water. Preferably, a hydrophobic drug is defined as 
a drug more soluble in octanol than in water. 

10 

Increased Drue Bioavailability bv Inhibition of Cytochrome P450 
Phase I Biotransformation 

Reduction of enterocyte cytochromes P450 participation in drug 
biotransfonnation is one objective of the present invention. The major enzymes 

15 involved in drug metabolism are present in the endoplasmic reticulum of many 
types of cells but are at the highest concentration in hepatocytes. Traditionally, 
enterocyte biotransformation was considered of minor importance in 
biotransformation compared to the liver. Many compounds inhibit cytochrome 
P450. These include, but are not limited to, ketoconazole, troleandomycin, 

20 gestodene, flavones such as quercetin and naringenm, erythromycin, ethynyl 
estradiol, and prednisolone. The first goal of the invention is to use cytochrome 
P450 inhibitors to inhibit drug cytochrome P450 biotransfonnation in the gut to 
mcrease drug bioavailability. 
Types Of Cytochromes And Tissue Location 

25 The cytochromes P450 are a superfamily of hemoproteins. They represent 

the terminal oxidases of the mixed function oxidase system. The cytochrome P450 
gene superfamily is composed of at least 207 genes that have been named based 
on the evolutionary relationships of the cytochromes P450. For this nomenclature 
system, the sequences of all of the cytochrome P450 genes are compared, and 

30 those cytochromes P450 that share at least 40% identity are defined as a family 
(designated by CYP followed by a Roman or Arabic numeral, e.g, CYP3), further 
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divided into subfamilies (designated by a capital letter, e.g. CYP3A), which are 
comprised of those forms that are at least 55 % related by their deduced amino acid 
sequences. Finally, the gene for each individual form of cytochrome P450 is 
assigned an Arabic number {e.g. CYFiAA). 

5 Three cytochrome P450 gene families (CyPl, CYP2 and CYP3) appear to 

be responsible for most drug metabolism. At least 15 cytochromes P450 have been 
characterized to varying degrees in the human liver. At concentrations of the 
substrates found under physiologic conditions, enzyme kinetics often favor a single 
form of cytochrome P450 as the primary catalyst of the metabolism of a particular 

10 drug or other enzyme substrate. 

The CYP3 gene family encoding cytochromes P450 of type 3 is possibly the 
most important family in human drug metabolism. At least 5 forms of cytochrome 
P450 are found m the htiman 3 A subfamily, and these forms are responsible for 
the metabolism of a large number of structurally diverse drugs. In non-induced 

15 individuals 3 A may constitute 15% of the P450 enzymes in the liver. In 
enterocytes. members of the 3 A subfamily constitute greater than 70% of the 
cytochrome-containing enzymes. The first two human 3 A subfamily members 
identified were 3 A3 and 3A4. These two cytochromes P450 are so closely related 
that the majority of studies performed to date have not been able to distinguish 

20 their contributions, and thus they are often referred to as 3A3/4. Erythromycin N- 
demethylation. cyclosporine oxidation, nifedipine oxidation, midazolam 
hydroxylation, testosterone 6)3-hydroxylation, and Cortisol 6i3-hydroxylation are all 
in vitro probes of 3A3/4 catalytic activity. The levels of 3A3/4 vary by as much 
as 60-fold between human liver microsomal samples with the levels of 3A forms 

25 approaching 50% of the total cytochrome P450 present in human liver samples 
from individuals receiving inducers of 3A3/4. The recently studied CYP3A5 may 
also play a role as important as 3A3/4. 

The liver contains many isoforms of cytochrome P450 and can biotransform 
a large variety of substances. The enterocytes lining the lumen of the intestine also 

30 have significant cytochrome P450 activity, and this activity is dominated by a 
single family of isozymes. 3A, the most important isoforms in drug metabolism. 
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Increased Drug Efficacy By Reducing CYP3A Drug Biotransformation 

Preferred bioenhancers of the invention reduce drug biotransformation in 
the gut by inhibiting CYP3A activity in gut epithelial cells. Inhibition of CYP3A 
by bioenhancers in gut epithelia will lead to a total increase in drug bioavailability 
5 in the serum. Fewer drug molecules will be metabolized by phase I enzymes in 
the gut and will not be available for phase II conjugation enzymes. This will lead 
to increased concentrations of untransformed drug passing from gut into the blood 
and onto other tissues in the body. 

Another object of the invention is to reduce variability of oral 

10 bioavailability. Reduction of drug biotransformation or increased drug absorption 
will decrease variability of oral bioavailability to some degree because the increase 
in bioavailability will begin to approach the theoretical maximum of 100% oral 
bioavailability. The increase in oral bioavailability will be generally larger in 
subjects with lower oral bioavailability. The result is a reduction in inter- 

15 individual and intra-individual variation. Addition of bioenhancer will reduce 
inter-individual and intra-individual variation of systemic concentrations of a drug 
or compound. 

Although the primary objective of the bioenhancer is to inhibit CYP3 A drug 
biotransformation in the gut, some biotransformation may be decreased in other 

20 tissues as well if the bioenhancer is absorbed into the blood stream. The decrease 
in biotransformation by other tissues will also increase drug bioavailability. The 
advantage of targeting a bioenhancer to the gut, however, is that it allows the use 
of lower systemic concentrations of bioenhancer compared to inhibitors that target 
CYP3A in the liver. After oral administration of a bioenhancer, concentrations 

25 will be highest at the luminal surface of the gut epithelia, not having been diluted 
by systemic fluids and the tissues of the body. Luminal concentrations that are 
greater compared to blood concentrations will permit preferential inhibition of 
CYP3A in gut instead of the liver. Bioenhancers that preferentially inhibit gut 
CYP3A will also be a particularly effective means of increasing drug 

30 bioavailability while minimizing the effects of greater concentrations of 
bioenhancers in tissues other than the gut. 
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A Net Increase in Drug Bioavailability Due to a Decrease in the Activity of 
CYP3A, 

The activity of CYP3A is defined as CYP3A catalyzed production of 
reaction product from CYP3A substrates. Substrates for CYP3A can be naturally 
5 occurring substrates or other components such as those listed in Table 1. In 
addition, some of the CYP3A inhibitors listed in Table 1 have been identified as 
substrates, as designated in the table. Most likely many if not all of these 
inhibitors will be shown to be 3A substrates through further research, although 
allosteric effects are also possible. The catalytic activities of CYP3A, subject to 
10 inhibition, mclude, but are not limited to, dealkyase, oxidase, and hydrolase 
activities. In addition to the different catalytic activities of CYP3A, different forms 
of CYP3A exist with a range in molecular weight 

(for example, from 51 kD to 54 kD, as shown in Komori et al., /. Biochem. 1988, 
104:912-16). 

15 
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TABLE 1 



P450 3A substrates 

5 Antiarrhythmic 

Amiodarone 

Lidocaine 

Quinidine 
Antiepileptic 
10 Ethosuximide 

Zonisamide 
Antidepressant 

Imipramine 

Tianeptine 
IS Benzodiazepine 

Clonazepam 

Diazepam 

Triazolam 
Chemotherapeutics 
20 Dapsone 

Ifosfamide 
Environmental toxins 

1 .6-dinitropyrene 

l-nitropyrene 
25 6-nitrochrysene 

Aflatoxin Bl 

Benzo(a)pyrene 

MOCA' 

PhlP^ 

30 Immunosuppressant 

Cyclosporine 

FK-506 

Rapamycin 
Narcotic 
35 Alfentanil 

Cocaine 

Codeine 

Ethylmorphine 
Steroid hormones 
40 1 7 oc -ethy ny lestradiol 

Estradiol 

Flutamide 

Testosterone 
Miscellaneous 
45 1 -tetrahydrocannabinol 

Acetaminophen 

Benzphetamine 

Dextromethorphan 

Digitoxin 
SO Lovastatin 

NOHA' 

Retinoic acid 

Selegiline 

Terfenadine 

55 

♦ Drags marked • have also been ideniified as P450 3A subsiraics. 

1 MOCA: 4.4'-Mcihylcnc-bis(2-Chloroamiine) 

2 PhIP:2-ainino-l-ineihyl-6-phcnyIimidazo(4,5-b]pyridme 

3 NOHA: N-omcga-bydroxy-L-argininc 

60 4 DDEP: 3,5-dicarbethoxy-2,6<limeihyI-4-ethyl-l,4-dihydropyridiiie 



P450 3A inhibitors 



Antidiabetic 

Glibenclamide 

Tolbutamide 
Benzodiazepine 

Midalazolam* 
Calcium channel blocker 

Dihiazem 

Felodipine 

Nicardipine 

Nifedipine* 

Verapamil 
Chemotherapeutic 

Clotrimazole 

Erythromycin* 

Fluconazole 

Itraconazole 

Josamycin 

Ketoconazole 

Miconazole 

Midecamycin 

Navelbine* 

Primaquine 

Triacetylolendomycin* 

Vinblastine* 

Vincristine* 

Vindesine* 
Flavanoids 

Benzoflavone 

Kaempferol 

Naringenin 

Quercetin 
Steroid hormone 

Cortisol* 

Ethinylestradiol* 

Gestodene 

Methylprednisolone 

Norgestrel 

Prednisolone 

Prednisone 

Progesterone* 

Tamoxifen* 

Thiotesiosterone 
Miscellaneous 

Bromocriptine . 

DDEP 

Dihydroergotamine 
Ergotamine 
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Some bioenhancers reduce CYP3A drug biotransformation by acting either as 
an inhibitor of CYP3A activity or as a substrate of CYP3A activity. The bioenhancer 
acting either as the inhibitor or the substrate of CYP3A can act as a competitive, non- 
competitive, uncompetitive, mixed or irreversible inhibitor of CYP3A drug 

5 biotransformation. Additionally, bioenhancer can have properties of being a ligand 
for P-gp or cytochrome P450 or a ligand for either proteins. Bioenhancers can also 
include combinations of compounds of different properties. For example, a first 
compound can act as a P-gp inhibitor while a second compound acts as a CYP3A 
inhibitor. Bioenhancer can also be bound to the drug being protected, either by 

10 covalent bonding or by ionic or polar attractions. Compounds (or drugs) from a 
number of classes of compounds can be administered with a bioenhancer or can act 
as a bioenhancer, for example, but not limited to, the following classes: acetanilides, 
anilides, aminoquinolines, benzhydryl compounds, benzodiazepines, benzofurans, 
cannabinoids, cyclic peptides, dibenzazepines, digitalis gylcosides, ergot alkaloids, 

15 flavonoids, imidazoles, quinolines, macrolides, naphthalenes, opiates (or morphinans), 
oxazines, oxazoles, phenylalkylamines, piperidines. polycyclic aromatic 
hydrocarbons, pyrrolidines, pyrrolidinones, stilbenes, sulfonylureas, sulfones, 
triazoles, tropanes, and vinca alkaloids. 

Selection of Compounds for use as Bioenhancers by Reduction of CYP3A Drug 
20 Biotransformation 

The relative ability of compounds to act as bioenhancers and to increase drug 
bioavailability can be estimated using in vitro and in vivo drug biotransformation 
measurements. In vivo measurements of drug bioavailability, such as measurmg 
serum or blood drug concentrations over time, provide the closest measure of total 

25 drug systemic availability (bioavailability). In vitro assays of CYP3A metabolism and 
P-pg-transport. as discussed below, indirectly indicate drug bioavailability because 
CYP3A drug metabolism and P-pg dmg transport affect integrated systemic drug 
concentrations over time. Generally, the ability of a compound being tested to act 
as a bioenhancer is demonstrated when the addition of the compound to a drug 

30 biotransformation assay decreases CYP3A drug biotransformation. Although even 
a minimally measured increase is all that is required for a compound to be a 



/ 
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bioenhancer, a commercially desirable bioenhancer acting as a CYP3A modulator 
generally will increase drug bioavailability by at least 10%, preferably by at least 
50%, and more preferably by at least 75% of the difference between bioavailability 
in the presence of the bioenhancer and total availability of the ingested dosage in the 
5 absence of the bioenhancer. A sufficient amount of orally administered bioenhancer 
will provide integrated systemic drug concentrations over time greater than the 
integrated systemic drug concentrations over time in the absence of bioenhancer. 

Compounds that can inhibit enzymes of the P450 3A class can be identified 
by a variety of bioassays, several of which are set out below. 

10 

In vitro CYP3A Assays and Increased Drug Bioavailability 

Cell Assays of CYP3A Function and Increased Drug Bioavailability 

Cultured cells of either hepatocytes or enterocytes or freshly prepared cells 
from either liver or gut can be used to determine the ability of a compound to act as 

15 a CYP3A inhibitor. Various methods of gut epithelial cell isolation can be used such 
as the method of Watkins et al., 7. Clin. Invest. 1985; 80:1029-36. Cultured cells, 
as described in Schmiedlin-Ren, P. et al., Biochem, Pharmacol 1993; 46:905-918, 
can also be used. The production of CYP3A metabolites in cells can be measured 
using high pressure liquid chromatograph (HPLC) methods as described in the 

20 following section for microsome assays of CYP3A activity. 

Microsome Assays of CYF3A Function and Increased Bioavailability 

Microsomes from hepatocytes or enterocytes will be used for CYP3A assays. 
Microsomes can be prepared from liver using conventional methods as discussed in 

25 Kronbach et al., Clin. Pharmacol Ther 1988; 43:630-5. Alternatively, microsomes 
can be prepared from isolated enterocytes using the method of Watkins et al., J. Clin. 
Invest. 1987; 80:1029-1037. Microsomes from gut epithelial cells can also be 
prepared using calcium precipitation as described in Bonkovsky, H.L. et al., 
Gastroenterology 1985; 88:458-467. - Microsomes can be incubated with drugs and 

30 the metabolites monitored as a function of time. In addition the levels of these 
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enzymes in tissue samples can be measured using radioimmunoassays or western 
blots. 

Isolated microsomes will be used to determine bioenhancer inhibition of 
CYP3A drug biotransformation. Generally, the drug will be a substrate of CYP3A. 

5 The addition of the bioenhancer will decrease the ability of CYP3A to catalyze drug 
metabolism. Bioenhancers identified in this assay will be inhibitors of CYP3A 
function and diminish substrate catalysis. The production of metabolites can be 
monitored using high pressure liquid chromatography systems (HPLC) and identified 
based on retention times. CYP3A activity can also be assayed by colorimetrically 

10 measuring erythromycin demethylase activity as the production of formaldehyde as 
in Wrighton, et al., Mol. Pharmacol. 1985; 28:312-321 and Nash, T., Biochem, J. 
1953; 55:416-421. 

Characteristics of Bioenhancers that Reduce CYP3A Drug Metabolism 

Bioenhancers that reduce CYP3A drug metabolism will generally be 

15 hydrophobic compounds that can pass across cell membranes and reduce CYP3 drug 
metabolism in the manner previously indicated. 

Preferably the bioenhancer(s) will bind CKP3A quickly and inhibit while the 
drug is passing through the enterocyte. After the bioenhancer diffuses out of the 
enterocyte, normal CYP3A function will return. Reversible and irreversible inhibitors 

20 will both have marked effects on gut drug metabolism following oral dosing. After 
the bioenhancers reach the heart and are distributed throughout the body the 
concentrations of the bioenhancers will be diluted on future passes through the liver. 
Concentrations of bioenhancer in the gut lumen are preferably selected to be effective 
on gut CYP3A metabolism but, due to dilution, to be less active in other tissues. 

25 The amount of bioenhancer used for oral administration can be selected to 

achieve small intestine luminal concentrations of at least 1/10 of the K, for CYP3A 
inhibition of drug metabolism or an amount sufficient to increase systemic drug 
concentration levels, whichever is less. Alternatively, the amount of an inhibitor of 
cytochrome P450 3A enzyme that will be used in a formulation can be calculated by 

30 various assays that are described in detail below. For example, one such assay 
measures the conversion of cyclosporine to hydroxylated products in an assay system 
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containing 100 fig human liver microsomes, 25 cyclosporine, and an NADPH 
regenerating system in 100 ^1 of 0. 1 M sodium phosphate buffer. pH 7.4. The initial 
mhibitor amount is selected to provide concentrations in the lumen of the small 
intestine equal or greater than concentrations that reduce the rate of conversion 
5 determined by this assay, preferably a rate reduction of at least 10%. While the 
actual dose of inhibitor in a clinical formulation might be optimized from this initial 
dosage depending on the results of a clinical trial, the assay as described is sufficient 
to establish a utilitarian dosage level. 

10 Increased Drug Bioavailability by Inhibition of P-plvcoprotein fP-pg) 
Increased Drug Absorption By Decreasing P-gp Drug Transport 

One embodiment of the present invention further increases bioavailability by 
increasing net drug absorption in the gut. Traditionally, drug absorption by the gut 
was considered to be the result of a passive diffusion process. Drugs were thought 

15 to diffuse into the gut based on the concentration gradient across the gut epithelial 
cells. Net drug transport across the gut, however, is the net result of drug influx and 
back flux, some of which is active drug transport. Drug influx is the flux from 
Ixmien to blood. Drug back flux is from blood or epithelium cytoplasm into the 
lumen. The invention reduces P-gp active drug transport across the luminal 

20 membrane to prevent return of drugs absorbed into the cytoplasm of the enterocytes 
back to the lumen of the gut. 

Generally, the invention will reduce P-gp active drug transport in order to 
increase the net transport of drugs across the gut epithelium. An epithelium exists 
in a number of different tissue types including, but not limited to, the epithelia of the 

25 skin, liver, kidneys, adrenals, intestine, and colon. Such epithelia would be affected 
by systemic administration of P-gp inhibitors. However, the major effects of the 
invention will be limited to the gut because of concentration effects resulting from 
oral delivery. 

In embodiments of the invention where the bioenhancer comprises an inhibitor 
30 of P-glycoprotein-mediated membrane transport the structure of the bioenhancer can 
vary widely as long as P-gp-mediated transport is reduced. A number of different 
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molecules are known to inhibit this transport system, and a number of examples are 
given below. However, whether a given compound acts as an inhibitor is best 
determined by activity assays, such as those described below, rather than by reliance 
on the structure of the molecule. 

5 Because of the many different structures that can act as inhibitors, the oral 

dosage of inhibitor to be present in the formulation (or elsewise as described below) 
is best determined empirically, as the dosage will depend on the affinity of the 
inhibitor for P-gp relative to the drug's affinity for P-gp. There are a number of 
assays available that allow the desired dosage to be readily determined without 

10 requiring clinical trials. While the actual dosage of inhibitor in a clinical formulation 
might be optimized from this initial dosage depending on results of a clinical trial, the 
assay as described is sufficient to establish a utilitarian dosage level. 
Selection of Compounds for Use as Bioenhancers by Reduction of P-gp Drug 
Transport/ Activity 

15 The relative ability of compounds to act as bioenhancers and to increase drug 

bioavailability can be estimated using in vitro and in vivo drug transport 
measurements. Compounds acting as a bioenhancer will cause a net increase in drug 
diffusion resulting from a decrease in active P-gp drug transport activity. The activity 
of P-gp is defined either as ATP dependent membrane transport of a drug or as drug- 

20 dependent ATP hydrolysis. P-gp activity or drug flux can be measured using in vitro 
or in vivo measurements such as, but not limited to, voltage sensitive electrodes or 
dyes, or chemical sensitive electrodes or dyes, substrate or product analysis, electron 
microscopy or coupled assays. The form of P-gp used in the assay can vary in 
molecular weight depending on the species, isoform, amount of glycosylation, and 

25 molecular weight assay method. Typically, the molecular weight of the P-gp will be 
approximately 170 kilodaltons. 

The bioenhancer, acting as either the inhibitor or the substrate of P-gp, acts 
as a competitive, uncompetitive, non-competitive, mixed or irreversible inhibitor of 
P-gp drug transport. The bioenhancer, as an inhibitor or substrate of P-gp, can be 

30 either a transportable or non-transportable ligand of P-gp. The bioenhancer can bind 
to the P-gp on its lumen accessible surface, cytoplasmic accessible surface or 
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membrane spamiing region. The bioenhancer can be a ligand of P-gp, a ligand of 
cytochrome P450, or a iigand of both, or any combination of the three types of 
ligands. For example a bioenhancer can comprise a ligand of P-pg plus a iigand of 
cytochrome P450 or a ligand of P-gp plus a ligand that binds to both P-gp and 
5 cytochrome P450. 

Characteristics of bioenhancers that reduce P-gp drug transport 

Some of the structural features that have been found for inhibitors of P- 
glycoprotein-mediated membrane transport include hydrophobic character of the 

10 molecule, especially those comprising two co-planar aromatic rings, a positively 
charged nitrogen group, or a carbonyl group. However, these characteristics are not 
essential. The bioenhancer can be administered with compounds from classes, such 
as, but not limited to. aminoacridines, aminoquinolines, anilides, anthracycline 
antibiotics, antiestrogens, benzofurans, benzhydryl compounds, benzazepines, 

15 cannabioids, cephalosporines, colchicine, cyclic peptides, dibenzazepines, 
epipodophyllotoxins, flavonoids, flavones, imidazole, isoquinolines, macrolides, 
opioids, phenylalkylamines, phenothiazines, piperazines, piperidines, polyethylene 
glycols, pyridmes, pyridones, pyrimidines. pyrrolidines, quinazolines, quinolines, 
quinones, rauwolfia alkaloids, retinoids, salicylates, sorbitans, steroids, taxol, 

20 triazoles, unsaturated fatty acids, and vinca alkaloids. The bioenhancer can also be 
made of a compound listed above. 

The principal common characteristic of these compounds is that they act as 
inhibitors of P-gp drug transport. When the bioenhancers are used in sufficient 
amounts, the activity of P-gp will be reduced; in particular P-gp drug transport back 

25 into the intestinal lumen will be reduced. Sufficient amounts would include amounts 
necessary to increase integrated systemic concentrations over time of the drug used 
in conjunction with the bioenhancer. The concentration of bioenhancer required to 
produce a sufficient amount of bioenhancer for inhibition of P-gp drug transport 
varies with the delivery vehicle used for the bioenhancer and the drug. The luminal 

30 concentration of the bioenhancer should be related to the drug's and bioenhancer' s 
relative affinities for P-gp and the drug concentration used. As the affinity of drug 
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for P-gp increases, the required concentration of the appropriate bioenhancer will 
increase. Most bioenhancers of commercial application will decrease P-gp drug 
transport by at least 10%, more preferably by at least 50%, and even more preferably 
by at least 75%. 

5 Several compounds that are themselves normally thought of as drugs can be 

used as bioenhancers, including calcium channel blockers, phenothiazines, quinidine, 
antimalarial agents, antiestrogenic and other steroids, and cyclosporine and other 
compounds listed in Table 2. 
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TABLE 2 



Classes of P-Glycoprotein Substrates or Inhibitors with Specific Examples 



5 Antiarrhythmics 
Amiodarone 
Lidocaine 
Quinidine 

Antibiotics & Antifungals 
1 0 Cefoperazone 
Ceftriaxone 
Erythromycin 
Itraconazole 

Antimalarials & Antiparasites 
15 Chloroquine 
Emetine 

Hydroxychloroquine 

Quinacrine 

Quinine 

20 Calcium Channel Blockers 

Bepridil 

Diltiazem 

Felodipine 

Nifedipine 
25 Nisotdipine 

Nitrendipine 

Tiapamil 

Verapamil 

Cancer chemotherapeutics 
30 combination regimens 

Actinomycin D 

Daunorubicin 

Doxorubicin 

Mitomylin-C 
35 Taxol 

Trunetrexase 

Vinblastine 

Vincristine 
Hormones 
40 Aldosterone 

Clomiphene 

Cortisol 

Dexamethasone 
Prednisone 
45 Progesterone 
Tamoxifen 



Local anesthetics 

Bupivacaine 
NSAIDs 

Aspirin 

Phenothiazines 
Surfactant/solvents 

Cremophor EL 
Triton X-IOO 
Tween 80 

Tricyclic antidepressants 
Desipramine 
Trazodone 
Miscellaneous 
Dipyridamole 
Reserpine 
Cyclosporine 
Colchicine 
FK-506 
Liposomes 
Quercetin 
SDZPSC-833^ 
SDZ 280-446 
Terfenadine 
Tumor Necrosis Factor 
Vitamin A 
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Any bioassay that determines whether a given compound has the inhibition 
characteristics required of a bioenhancer can be used to identify compounds that can 
be used in the practice of the present invention. A number of such assays are set out 
below. 

5 

Jn vitro P-pg Assays for Bioavailabilitv 
Everted Gut Assays 

Everted intestine can be prepared by methods known in the art Hsing 
et al. Gastrobentsrology 1992; 102:879-85). In these studies rat small intestines 
10 turned "inside out" (i.e. the mucosal (or luminal) surface turned outside and the 
serosal surface inside) are bathed in a drug containing solution with and without the 
addition of the bioenhancer. The serosal surface of the small intestine is bathed in 
a solution that is periodically monitored or changed for the purpose of drug or 
bioenhancer measurement. For instance the everted rat small mtestines can be bathed 
15 in a physiological saline solution loaded with Rhodamine 123 (Rhl23) and the flux 
of Rh 123 monitored into the serosal solution. The addition of a bioenhancer in this 
set-up will increase Rh 123 transport into the serosal solution. An increase in drug 
or Rh 123 bioavailability will be determined as follows: 

X(IOO) 

20 Y 

where Y is the initial rate of Rh 123 transport, and X is the initial rate of rhodamine 
transport in the presence of a bioenhancer. The initial rates will be determined as a 
linear relationship between time and Rh 123 concentration in the luminal solution. 
Alternatively, the serosal side of rat small intestines is bathed with the drug or 

25 bioenhancer of interest and the mucosal solution is monitored, as described in Hsing 
et al (1992). 

Selection of a P-gp Inhibitor Based on Cell Growth Assays 

This assay will be used to select candidate bioenhancers. Cells cultured with 

cytotoxic agents that are known P-gp transport substrates will be grown as controls 
30 in the absence of either drug or bioenhancer. The appKj (apparent inhibition 

constant) for cell growth by drugs will be determined by varying the drug 
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concentration in the culture medium. The appKj will be expressed as the 
concentration of drug required to produce 50% inhibition of cell growth. Cells will 
also be grown in the presence of drug and bioenhancer. The bioenhancer will act to 
shift the appKi to lower drug concentrations necessary for inhibition of cell growth. 
5 Cells with MDR can be used in this assay as described in Hait, W. N,, et al., 
Biochemical Pharmacology 1993, 45:401-406. The method sections of Hait, W.N.. 
et al. (1993) are herein incorporated by reference. Preferred bioenhancers will 
decrease the appK; for a drug by at least 2 times, more preferably by at least 3 times, 
and even more preferably by at least 6 times. 
10 Rhodamine (Rh 123) CeUular Assay of P-gp Drug Transport and Drug 

Bioavailability 

Rh 123 can be used in a cellular assay to monitor the bioavailability of drugs. 
Rh 123 transported by P-gp in this system acts as a drug, where P-gp pumps the Rh 
123 out of the cell. Single cells or a population of cells can be monitored for the Rh 

15 123 fluorescence which is indicative of P-gp transport. The cell types used will 
contain a P-gp transporter from a MDR strain such as those listed in Nielsen and 
Skovsgaard, Biochimica et Biophysica Acta 1993; 1139 :169-183 and herein 
incorporated by reference. Cells are loaded with Rh 123 in the presence of 15 
nanograms per ml to 500 nanograms per ml of Rh 123 in a physiologically compatible 

20 buffer such as 3-N-morpholinopropanesulfonic acid (MOPS) with the suitable 
concentrations of sodium, potassium, and calcium chloride and an energy source. 
The cells are loaded with Rh 123 for 30 - 60 minutes depending on the temperature 
(37° or room temperature ). The loaded cells are then washed and resuspended in 
buffer firee of Rh 123. The efflux of Rh 123 can be determined using a fluorimeter. 

25 In the absence of any bioenhancer Rh 123 will be pumped out of the cell due to the 
action of P-gp. leading to a reduced amount of Rh 123 fluorescence from the cell. 

Addition of a P-gp substrate or inhibitor either by preincubation after the cells 
have been washed with Rh 123 free buffer or during the efflux of Rh 123 from the 
cell will cause retention of Rh 123 within the cell. Retention of Rh 123 in the cell 

30 will be caused by the addition of a bioenhancer. Increased drug bioavailability is 
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defined as the increase in Rh 123 retention within the cell. Compounds that increase 

Rh 123 retention are bioenhancers. 

Rh 123 retention in the absence of a bioenhancer will be determined by total 

Rh 123 cell fluorescence minus background Rh 123 cell fluorescence. An increase 

5 in drug bioavailability due to the addition of the bioenhancer will be the percentage 

increase in Rh 123 fluorescence retention as described by: 

X(IOO) 
Y 

where X equals Rh 123 fluorescence in the presence of the bioenhancer minus 

10 the background Rh 123 fluorescence and Y equals the Rh 123 fluorescence in the 
absence of the bioenhancer minus the background Rh 123 fluorescence. 

The background Rh 123 fluorescence can be measured in a variety of ways 
including, but not limited to, the residual amount of Rh 123 fluorescence at the end 
of the experiment, the residual amount of Rh 123 fluorescence remaining based on 

15 an extrapolation of first order rate kinetics describing the efflux of Rh 123 from the 
cell, the residual amount of Rh 123 fluorescence in the presence of a sufficient 
amount of membrane detergents such as triton or digitonin, or the amount of Rh 123 
fluorescence in the presence of a potassium- valinomycin clamp. 

The addition of both a second drug and a bioenhancer to the Rh 123 assay will 

20 not necessarily cause an increased amount of Rh 123 retention compared to the 
presence of either the bioenhancer alone or the second drug alone. This is because 
Rh 123 retention can ab-eady be very high due to the second drug or bioenhancer 
concentration. Extra retention due to the addition of eidier the second drug or the 
bioenhancer can be difficult to measure above the signal for Rh 123 in the presence 

25 of the second drug or bioenhancer alone. However, once it has been determined that 
the drug (or second drug alone) increases Rh 123 fluorescence, i.e. decreases Rh 123 
efflux, it can be assumed that the drug (or second drug alone) is transported by the 
P-gp transport system. 

Vesicle Assays of P-pg Activity and Drug Bioavailability 
30 A particularly preferred assay uses brush border membranes. Brush border 

membrane vesicles are prepared from the small intestine by methods known in the 
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art, such as, Hsing, S. etai. Gastroenterology 1992; 102:879-885. The vesicles will 
be assayed for the presence of P-gp by using monoclonal antibodies directed to P-gp 
either using SDS page gel electrophoresis and western blotting techniques or using 
immunochemistry and electromicroscopy. Vesicles containing P-gp will be used for 
5 drug transport assays. 

Drug transport assays consist of measuring the transport of drugs into the 
vesicles in an adenosine triphosphate (ATP) dependent fashion. Uptake of the drug 
in the presence of ATP will be monitored using fluorescence or absorbance 
techniques, for instance using Rh 123 as the fluorescent drug transported into the 

10 interior of the vesicle. Radioactively labeled drugs can also be used to monitor drug 
transport into the mterior of the vesicle using a filter wash system. The addition of 
ATP will induce the transport of the drug into the vesicle and will increase drug 
transport compared to passive diffusion of the drug into the vesicle interior. Addition 
of non-hydrolyzable analogs of ATP such as ATP gamma S or adenosine 

15 monophosphate para-nitrophenol (AMP-PNP) will not produce an ATP dependent 
influx of drug into the vesicle. Thus, the introduction of a non-hydrolyzable 
nucleotide can be used as a control to monitor whether drug transport has actually 
occurred due to ATP hydrolysis from the P-gp transport system. 

The addition of a bioenhancer to this assay system using a fluorescent drug or 

20 a radioactive drug and monitoring its uptake, will reduce the uptake of the drug into 
the interior of the vesicle with the addition of ATP. This reduction in drug transport 
represents an increase of the bioavailability of the drug. The vesicles transporting 
drugs in an ATP dependent fashion are oriented with the cystolic face of the P-gp 
accessible to the ATP. It is these vesicles that hydrolyze the ATP and transport the 

25 drug into the interior of the vesicle. The interior of the vesicle in turn corresponds 
to the luminal surface or the apical membrane of the brush border cells. Thus, 
transport into the lumen of the vesicle or interior of the vesicle corresponds to 
transport into the lumen of the gut. A decrease in the transport of the lumen of the 
vesicle is the equivalent of increasing net drug absorption and increasing the drug 

30 bioavailability. 
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P-gp ATPase Assays of P-gp Activity and Drug Bioavailability 

P-gp molecules can be isolated in vesicles suitable for measuring ATP'ase 
activity. P-gp ATP'ase activity will be measured in the presence of other types of 
ATP'ase inhibitors, such as, but not limited to, sodium potassium ATPase inhibitors 
5 (ouabain and vanadate), mitochondrial ATP'ase inhibitors such as oligomycin, and 
alkaline phosphatase inhibitors. The ATP'ase assays will also be conducted in the 
absence of sodium and potassium to eliminate background sodium and potassium 
ATP'ase activity. ATP'ase activity will be measured as ATP'ase activity dependent 
on the presence of a drug such as daunomycin. ATP'ase activity will be measured 

10 using ATP or hydrolyzable ATP analogs such para-nitrophenolphosphate. The 
production of product will be monitored using phosphate assay procedures of those 
of Yoda, A. and Hokm, L., Biochem. Biophys. Res, Comm, 1970; 40:880-886 or by 
monitoring phosphatase activity as recognized in the literature. 

An increase in P-gp ATPase activity due to the addition of a drug is 

15 recognized as an increase in drug bioavailability. P-gp molecules located in the brush 
border membrane vesicles are oriented so the cytosolic portion of the molecule finds 
and hydrolyzes ATP. It is these P-gp molecules that will give rise to the drug 
dependent ATPase activity. Bioenhancer that is able to stimulate the ATPase activity 
will be able to compete with the drug for the P-gp transport system. Such 

20 bioenhancers will decrease P-gp drug transport due to their increased ability to 
stimulate P-gp activity. Bioenhancers can also inhibit drug dependent P-gp ATP'ase 
activity without stimulating P-gp ATP'ase activity thus, inhibiting drug transport. 

Another manner of determining the amount of bioenhancer appropriate for an 
oral formulation is based on the K; of the specific inhibitor (for whichever binding is 

25 being measured). An appropriate amount of inhibitor is one that is sufficient to 
produce a concentration of the bioenhancer in the lumen of the gut of the animal of 
at least 0.1 times the Kj of the bioenhancer. 

In all of these cases, the goal of selecting a particular concentration is 
increased bioavailability of the pharmaceutical compound that is being administered. 

30 Thus, a desirable goal is to provide integrated systemic concentrations over time of 
the pharmaceutical compound in the presence of the inhibitor that is greater than the 
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integrated systemic concentrations over time of the pharmaceutical compound in the 
absence of the inhibitor by at least 10% of the difference between bioavailability in 
its absence and complete oral bioavailability. Preferred is attaining of "complete 
bioavailability," which is 100% systemic bioavailability of the administered dosage. 
5 Screening Assay for Bioenhancers 

In summary, the various techniques described above for screening candidate 
bioenhancer compounds for activity by assaying for inhibition in the gut of a mammal 
of activity of a cytochrome P450 enzyme or of transport by P glycoprotein are all 
generally useful as methods of identifying compounds that are usefiil for increasing 

10 bioavailability of a drug in a mammal. In all of these assays, the best bioenhancers 
are those compoimds selected from the candidate compounds being tested that best 
inhibit either transport or enzymatic destruction (preferably the latter) of a tested drug 
in the gut of the mammal (either by direct testing in vivo or by a test that predicts 
such activity). When testing for inhibition of activity of a cytochrome enzyme, assays 

15 that detect inhibition of members of a cytochrome P450 3A family (for a particular 
mammal, particularly human) are preferred. Although in vivo assays are preferred, 
because of the direct relationship between the measurement and gut activity, other 
assays, such as assays for inhibition of cytochrome P450 activity in isolated 
enterocytes or microsomes obtained from enterocytes of the manmial in question or 

20 for inhibition of cytochrome P450 in a tissue or membrane from the gut of said 
manunal, are still useful as screening assays. The same ordering of preferred 
screening assays (i.e., in vivo being preferred over in vitro) is also preferred for 
screening of inhibition of P-gp transport. Screening by assaying for both inhibitions 
is preferred, with inhibition of cytochrome P450 activity generally being niore 

25 important than that of P-gp-mediated transport. 

Coadministration and Deliverv of Bioenhancers 

Increase in Drug Bioavailability with Coadministration of a Bioenhancer and a 
Drug 

30 The present invention will increase the bioavailability of the drug in the 

systemic fluids or tissues by co-administering the bioenhancer with a drug. "Co- 
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administration" includes concurrent administration (administration of the bioenhancer 
and drug at the same time) and time varied administration (administration of the 
bioenhancer at a time different from that of the drug), as long as both the bioenhancer 
and the drug are present in the gut lumen and/or membranes during at least partially 

5 overlapping times. Systemic fluids or tissues refer to drug concentration measured 
in blood, plasma or serum, and other body fluids or tissues in which drug 
measurements can be obtained. 
Delivery Vehicles Provide For Coadministration 

Coadministration can vary in the type of delivery vehicle. The bioenhancer 

10 and the drug can use different delivery vehicles such as, but not limited to, time 
release matrices, time release coatings, companion ions, and successive oral 
administrations. Alternatively, the drug and the bioenhancer can be formulated with 
different coatings possessing different time constants of bioenhancer and drug release. 
The use of bioenhancers also applies to epithelia tissues other than the gut. Aspects 

15 of the invention used in the gut are appropriately used in other types of epithelia. For 
example, CYP 3 A enzymes and P-glycoprotein have also been demonstrated in the 
skin and bioenhancers used in transdermal formulations would increase drug 
bioavailability to systemic fluids and tissues. Such applications are included as part 
of the invention herein because of inhibition by bioenhancers of CYP 3 A enzymes and 

20 P-glycoprotein in epithelia other than the gut. 

Formulations of Bioenhancers 

In some embodiments, the bioenhancer comprises a cytochrome-P450-3A- 
inhibiting compound and a separate P-glycoprotein-inhibiting compound. In other 
25 cases, the bioenhancer comprises a single compound that inhibits both CYP3A and 
P- glycoprotein, or just one of the two processes. The bioenhancer is preferably 
present as a counter ion of the pharmaceutical compound in order to ensure that the 
bioenhancer is present at maximum concentration in the presence of the drug that it 
is protecting. 

30 The cytochrome P450 3 A family of enzymes and the P-gp transporting protein 

both have a wide range of substrates, and thus potential inhibitors, as exemplified by 
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the variety of structures present in compounds that can act as inhibitors as set forth 
above. 

The invention is carried out in part by formulating an oral 
pharmaceutical composition to contain a bioenhancer. This is accomplished in some 
5 embodiments by admixing a pharmaceutical compound, a pharmaceutical carrier, and 
a bioenhancer comprising an inhibitor of P-glycoprotein-mediated membrane transport 
or an inhibitor of a cytochrome P450 3A enzyme, the bioenhancer being present in 
sufficient amount to provide integrated systemic concentrations over time of the 
compound as measured by AUC's greater than the integrated systemic concentrations 

10 over time of the compound in the absence of the composition when the 
pharmaceutical composition is administered orally to an animal being treated with the 
pharmaceutical composition. A pharmaceutical carrier increases drug solubility or 
protects drug structure or aids in drug delivery or any combination thereof. 

Pharmaceutical compositions produced by the process described herein are also 

15 part of the present invention. 

In addition to use with new formulations, the present invention can also be 
used to increase the bioavailability of the active compound of an existing oral 
pharmaceutical composition. When practiced in this manner, the invention is carried 
out by reformulating the existing composition to provide a reformulated composition 

20 by admixing the active compound with a bioenhancer comprising an inhibitor of a 
cytochrome P450 3A enzyme or an inhibitor of P-glycoprotein-mediated membrane 
transport, the bioenhancer being present in sufficient amount to provide integrated 
systemic concentrations over time of the compound when administered in the 
reformulated composition greater than the integrated systemic concentrations over 

25 time of the compound when administered in the existing pharmaceutical composition. 
All of the criteria described for new formulations also apply to reformulation of old 
compositions. In preferred aspects of reformulations, the reformulated composition 
comprises all components present in the existing pharmaceutical composition plus the 
bioenhancer, thus simplifying practice of the invention, although it is also possible to 

30 eliminate existing components of formulations because of the increase in 
bioavailability. Thus, the invention also covers reformulated compositions that 
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contain less than all components present in the existing pharmaceutical composition 
plus the bioenhancer. However, this invention does not cover already existing 
compositions that contain a component which increases bioavailability by mechanisms 
described in this specification (without knowledge of the mechanisms), should such 

5 compositions exist. 

Traditional formulations can be used with bioenhancers. Optimal bioenhancer 
doses can be determined by varying the coadministration of bioenhancer and drug in 
time and amount dependent fashion and monitoring bioavailability. Once the optimal 
bioenhancer dose is established for a drug the formulation (bioenhancer, drug and 

10 formulation composition(s)) is tested to verify the increased bioavailability. In the 
case of time or sustained release formulations it will be preferred to establish the 
optimal bioenhancer dose using such formulations from the start of the bioavailability 
experiments. 

15 EXAMPLE - QUANTITATION OF BIOENHANCER IN VIVO 

Cyclosporin (CYA) Bioavailability in the Absence 
and Presence of Ketoconazole (KC) As A Bioenhancer. 

1. General Design of Methodology: 

Six male/female healthy volunteers served as subjects for the procedure. Pre- 
procedure laboratory tests, physical examinations, and consent was obtained at least 
five days prior to the procedure date. 

The procedure was performed in two phases. During the initial phase (I), 
baseline oral and intravenous pharmacokinetic parameters were established. Phase 
II consisted of ketoconazole administration and oral/intravenous pharmacokinetic 
procedures. Each phase followed identical procedures: after an overnight fast, 
subjects were admitted for initial CYA pharmacokinetics procedures. The order of 
CYA route of administration was randomized during phase I, and the same order was 
maintained in phase II. After the insertion of an indwelling catheter, each subject 
received an oral or intravenous dose of CYA with 5mL blood draws obtained at 0, 
15, 30, 45, and 60 minutes, then 2, 3, 4, 5, 6, 8, 10, 12, 14, and 24 hours (total 
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volume of blood: 300mL). During the intravenous infusion, contralateral catheters 
were inserted. Intravenous CYA was administered over 2.5 hours by AVI infusion 
pump. After completing the i.v. infusion, the mfusion catheter was removed. 
Subjects either returned to the testing location in the morning for each 24 hour blood 
5 draw or stayed overnight in the testing location. 

During phase I, subjects received oral or i.v. CYA (8mg/kg and 2.5mg/kg, 
respectively) and followed the above procedures (Day 1). After a three day washout 
period (Day 5), subjects received CYA i.v. or p.o. depending on initial 
randomization. Blood samples were drawn as described above. When subjects 
10 returned to the testing location for the 24 hour blood draw (Day 6), they were given 
KC 200mg and instructed to take one tablet daily at 10PM for eight days. The last 
dose of ketoconazole was taken the night of procedure day 14, just before the last 
pharmacokinetic procedure day. 

In study sections designed to evaluate Ketoconazole' s effects (Phase II) on 
15 both intravenous and oral CYA metabolism, dosing of the bioenhancer and the drug 
(CYA) were separated by approximately 10 hours. 

During phase n (Day 11). subjects were admitted to the testing location after 
an overnight fast for further CYA pharmacokinetic procedures. Subjects received 
either a single oral dose of CYA at a reduced dose of 2mg/kg or intravenous CYA 
20 (0.6mg/kg) depending on the previous randomization schedule. Blood samples were 
drawn as described above. After a three day washout period, on Day 15, subjects 
received the oral (2mg/kg) or i.v. (0.6mg/kg) dose, again depending on the initial 
randomization schedule. Blood samples were drawn as described above. 

In phase n, in healthy volimteers, dosing of CYA in the presence of the 
25 enhancer was reduced from that administered when no bioenhancer was present for 
safety considerations. 

The total volume of blood drawn for this procedure was 380mL (pre/post labs 
and pharmacokinetic procedures. 
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2. Sample and Data Analysis: 

Whole blood samples were assayed for CYA and metabolites (AMI, AM4N, 
AM9, AMlc9) by HPLC. Pharmacokinetic parameters, including bioavailability, 
were obtained from data and compared for differences between baseline (-KC) and 
5 inhibition (+ KC). 

3. Subject Selection Criteru: 

a. Healthy adult volunteers were used to minimize interpatient variation 
in response to drug administration, which can occur with hepatic or renal dysfunction, 

10 and to minimize risks associated with drug administration. 

b. Eight healthy male or female subjects were recruited for this procedure 
to assure that at least six subjects completed both phases. 

c. INCLUSION CRITERIA: 

* >than 18 years of age 

15 

* Weight not more than 10% above or below the ideal body 
- weight for age, height and weight. (Metropolitan Life 

Insurance Co. tables) 

20 * Good health on the basis of history and physical exam. 

* No history of cardiovascular, renal, hepatic, gastrointestinal, 
respiratory, hematologic disease, or other diseases which could 
affect the distribution, absorption, metabolism, or excretion of 

25 either procedure drugs. 

* Have laboratory tests within normal limits. 

* Ability to provide written and informed consent. 

30 

d. EXCLUSION CRITERIA: 

* Use of any drugs, including both prescription and chronic over- 
the-counter medications within one week of the procedure. 
Specifically, use of antacids, Hj-antagonists, or other agents 

35 known to decrease KC absorption or interactions with CYA. 

* Participation in experimental drug procedure within one month 
preceding the procedure. 
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* History of hypersensitivity of KC, azole-antifungal agents, or 
CYA. 

* History of myxedema, hyperthyroidism, hepatic disease, 
5 hepatitis, alcohol, or recreational drug use, cardiac 

arrhythmias, seizures, tobacco, or any other condition which 
can alter drug metabolism, absorption, or distribution. 



4. Subject Recruitment: 

10 Subjects were recruited from the population in and around a university 

campus. Potential subjects were screened for their fitness to participate in the 
procedure within 5 days prior to procedure date. The screening procedure included 
the following: medical and drug histories, physical exam and baseline laboratory 
procedures (hemoglobin, hematocrit, RBC, WBC, differential, platelets, potassium, 

15 chloride, bicarbonate, serum creatinine, BUN, glucose, albumin, total bilirubin, 
alkaline phosphatase, AST, ALT, cholesterol, HOL, LOL, and a urine pregnancy test 
when female volunteers were used). 

5. SPECinc Procedures: 

20 a. At least five days prior to the procedure date, a 40mL blood 

sample was drawn from each subject for baseline laboratory procedures as stated 
above. At this time a history and physical exam was performed. 

b. The procedure was divided into two phases. During phase I, 
baseline CYA pharmacokinetics after intravenous and oral dosing were established. 

25 During phase H, subjects were given eight days of KC therapy, and post-KC 
intravenous and oral CYA pharmacokinetic procedures were performed. Subjects 
were randomized to receive an oral or i.v. dose as the initial route of administration 
and followed this randomization throughout the procedure. 

Day 1 : Subjects were admitted to the testing location at 07:00 after an 

30 overnight fast from 22:00 the previous evening. An indwelling polyethylene catheter 
with a teflon obturator was inserted aseptically into the forearm vein for blood 
withdraw. Immediately prior to drug administration, a 5mL blood sample was 
collected. CYA was then admmistered orally (8mg/kg) or intravenously (2.5mg/kg 
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over 2.5 hours) based on body weight. Five milliliter blood samples were drawn at 
the following times post during administration: 15, 30, 45, 60 minutes and 2, 3, 4, 
5, 6, 8, 10, 12, 14, and 24 hours. Subjects returned to the testing location the 
following day (Day 2) for the 24 hour blood draw (peripheral venipuncture). Whole 

5 blood was analyzed for parent drug and metabolites. Some samples were frozen prior 
to extraction. Breakfast, lunch, a light snack, and dinner were supplied during all 
days spent in the testing location. All subjects were given oral CYA with chocolate 
milk to ensure adequate absorption and to minimize variability in absorption. 
Subjects were allowed to drink water freely. 

10 Day 5: After a three day wash-out period, subjects were again 

admitted to the testing location, and identical procedures were followed as described 
above in Day 1 except that subjects received CYA by the alternate route of 
administration not used previously on Day 1. Subjects receiving CYA by the i.v. 
route had the i.v. catheter removed after the infusion was completed. Blood samples 

15 were drawn as described above. 

Day 6: When returning for the 24 hour blood draw, subjects received 
a lOOmg dose of ketoconazole (half-dose) and were observed for one hour, the other 
lOOmg being taken at 10pm that evening. Each subject was instructed to take one 
200mg tablet each evening at 10pm with food. Subjects were instructed to take KC 

20 for a total of eight days. The last dose of KC was taken on Day 14. 

Day 11: The procedure went forward as described for Day 1 with the 
exception of CYA dosing. Subjects received an oral dose of 2mg/kg of CYA or an 
i.v. dose of 0.6mg/kg over 2.5 hours. Blood samples were drawn as previously 
described. An identical diet was provided to minimize changes in CYA absorption. 

25 Day 15: After the three day wash-out period, subjects were admitted 

to the testing location and received the final CYA i.v. or oral dose. Blood samples 
were drawn as previously described. The 24 hour blood draw included an additional 
40mL to perform post-procedure laboratory tests. Prior to discharge, each subject 
underwent a physical exam and history to detect any adverse reactions due to drugs 

30 or catheter insertion. 
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Since CYA absorption can be highly variable, especially with diet 
content, food outside of the procedure diet was not permitted. All meals (breakfast, 
lunch, snack, dinner) were supplied on all procedure days. 

5 F. Results 

KC inhibited the metabolism of cyclosporine (CYA), resulting in elevated 
CYA levels. CYA as a single dose was administered orally and intravenously, pre- 
and post-KC treatment to 6 normal healthy volunteers. The mean pre-KC 
bioavailability (F) was 22.2% compared to 62.0% post-KC (P<0.003), Utilizing 
10 Fhepatic=l-ER, where ER=CLiv/hepatic blood flow (1.28L/hr/kg), F can be broken 
down into its components: FhepaticXFabs xFgut- Fabs^Fg^t increased significantly post-KC 
(68.5%) compared to pre-KC (26.2%) (P< 0.006), whereas Fh changed minimally, 
90%pos.-Kc g6%prt-Kc (p^Q.lO). CYA IS wcll absorbed (>62%) by the gut under 
these conditions. 

15 The interaction between CYA and ketoconazole is also expressed graphically 

in Figure 1 . Subject CYA levels were measured after IV administration of CYA pre- 
KC treatment (pre-IV) and post-KC treatment (post-IV). Subject CYA levels were 
also measured after oral administration of CYA pre-KC treatment (pre-PO) and post- 
KC treatment (post-PO). The increase in CYA concentration was greatest post-KC 

20 treatment of orally administered CYA. 

This example demonstrates the effect of intestinal P450 enzymes on the 
bioavailability of CYA. It shows that intestinal P450 enzymes are important 
determinants of the bioavailability of CYA and other agents which undergo significant 
metabolism by P450 enzymes. 

25 

All publications and patent applications mentioned in this specification are 
herein incorporated by reference to the same extent as if each individual publication 
or patent application was specifically and individually indicated to be incorporated by 
reference. 
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The invention now being fiiUy described, it will be apparent to one of 
ordinary skill in the art that many changes and modifications can be made thereto 
without departing from the spirit or scope of the appended claims. 
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WE CLAIM: 

1. A method for increasing bioavailability of an orally administered hydrophobic 
pharmaceutical compound, which comprises: 

5 orally administering said pharmaceutical compound to a manmial in need of 

treatment with said compound concurrently with a bioenhancer comprising an 
inhibitor of a cytochrome P450 3 A enzyme or an inhibitor of P-glycoprotein-mediated 
membrane transport, said bioenhancer being present in sufficient amount to provide 
bioavailability of said compound in the presence of said bioenhancer greater than 
10 bioavailability of said compound in the absence of said bioenhancer. 

2. The method of Claim 1, wherein said bioenhancer comprises an inhibitor of a 
cytochrome P450 3A enzyme and said inhibitor is a hydrophobic molecule. 

15 3. The method of Claim 1, wherein said bioenhancer comprises an inhibitor of a 
cytochrome P450 3A enzyme and said inhibitor is present at a concentration m the 
gut of said manmial equal to or greater than a concentration of said bioenhancer that 
reduces conversion of cyclosporine to hydroxy lated products by 10%, compared to 
controls, in an assay system containing 100 /xg human liver or enterocyte 

20 microsomes, 25 /xM cyclosporine, and an NADPH regenerating system in 100 ^1 of 
0.1 M sodium phosphate buffer, pH 7.4. 

4. The method of Claim 1, wherein said amount is sufficient to produce a 
concentration of said bioenhancer in the lumen of the gut of said mammal of at least 

25 0.1 times said Kj or apparent of the bioenhancer. 

5. The method of Claim 1, wherein bioavailability in the presence of said inhibitor 
is greater than bioavailability of said compound in its absence by at least 10% of the 
difference between bioavailability in its absence and complete oral bioavailability. 

30 
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6. The method of Claim 1, wherein said bioenhancer comprises an inhibitor of P- 
glycoprotein-mediated membrane transport and said inhibitor is a hydrophobic 
molecule comprising two co-planar aromatic rings, a positively charged nitrogen 
group, or a carbonyl group. 

5 

7. The method of Claim 1, wherein said bioenhancer comprises an inhibitor of P- 
glycoprotein-mediated membrane transport and said inhibitor is present at 
concentrations equal to or greater than concentrations that reduce transport of Rh 123 
by P-glycoprotein in brush border membrane vesicles or P-gp containing cells by 

10 10%. 

8. The method of Claim 1, wherein said bioenhancer comprises a cytochrome- 
P450-3A-inhibiting compound and a separate P-glycoprotein-inhibiting compound. 

15 9. The method of Claim 1, wherein said bioenhancer comprises a single compound 
that inhibits both cytochrome P450 3A and P glycoprotein. 

10. The method of Claim 1, wherein said bioenhancer is present as a counter ion of 
said pharmaceutical compound. 

20 

11. The method of Claim 1, wherein said bioenhancer is covalently bound to said 
pharmaceutical compound. 



25 



30 



wo 95/20980 



PCTAJS95/00347 



44. 

12. The method of Claim 1, wherein said pharmaceutical compound comprises an 
acetanilide, aminoacridine, aminoquinoline, anilide, anthracycline antibiotic, 
antiestrogen, benzazepine, benzhydryl compound, benzodiazapine, benzofuran, 
cannabinoid, cephalosporine, colchicine, cyclic peptide, dibenzazepine, digitalis 

5 glycoside, dihydropyridine, epiphodophyllotoxin, ergeline, ergot alkaloid, imidazole, 
isoquinoline. macrolide, naphthalene, nitrogen mustard, opioid, oxazine, oxazole, 
phenothiazine, phenylalkylamine, phenylpiperidine, piperazine, piperidine, polycyclic 
aromatic hydrocarbon, pyridine, pyridone. pyrimidine, pyrrolidine, pyrrolidinone, 
quinazoline, quinoline, quinone, rauwolfia alkaloid, retinoid, salicylate, steroid, 
10 stilbene, sulfone, sulfonylurea, taxol, triazole, tropane, or vinca alkaloid. 

13. The method of Claim 1, wherein said bioenhancer comprises an acetanilide, 
aminoacridine, aminoquinoline, anilide, anthracycline antibiotic, antiestrogen, 
benzazepine, benzhydryl compound, benzodiazapine, benzofuran, caimabinoid, 

15 cephalosporine, colchicine, cyclic peptide, dibenzazepine, digitalis glycoside, 
dihydropyridine, epiphodophyllotoxin, ergeline, ergot alkaloid, flavone, flavonoid, 
imidazole, isoquinoline, macrolide, naphthalene, nitrogen mustard, opioid, oxazine, 
oxazole, phenothiazine, phenylalkylamine, phenylpiperidine, piperazine, piperidine, 
polycyclic aromatic hydrocarbon, polyethylene glycol, pyridine, pyridone, pyrimidine, 

20 pyrrolidine, pyrrolidmone, quinazoline, quinoline, quinone, rauwolfia alkaloid, 
retinoid, salicylate, sorbitan, steroid, stilbene, sulfone, sulfonylurea, taxol, triazole, 
tropane, unsaturated fatty acid, or vinca alkaloid. 

14. The method of Claim 1, wherein said inhibitor is selected from said group 
25 consisting of the compounds listed in Tables 1 and 2. 

15. The method of Claim 1, wherein said bioenhancer reduces inter-individual 
variability of said bioavailability of said pharmaceutical compound. 

30 16. The method of Claim 1, wherein said bioenhancer reduces intra-individual 
variability of said bioavailability of said pharmaceutical compound. 
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17. A method of formulating an oral pharmaceutical composition, which comprises: 
admixing a pharmaceutical compound, a pharmaceutical carrier, and a 
bioenhancer comprising an inhibitor of P-glycoprotein-mediated membrane transport 
or an inhibitor of a cytochrome P450 3 A enzyme, said bioenhancer being present in 
5 sufficient amount to provide bioavailability of said pharmaceutical compound in the 
presence of said bioenhancer greater than the bioavailability of said pharmaceutical 
compound in the absence of said bioenhancer when said pharmaceutical composition 
is administered orally to an mammal. 

10 18. The method of Claim 17, wherein said bioenhancer comprises an inhibitor of a 
cytochrome P450 3 A enzyme and said inhibitor is a hydrophobic molecule. 

19. The method of Claim 17, wherein said bioenhancer comprises an inhibitor of a 
cytochrome P450 3A enzyme and said inhibitor is present in an amount sufficient to 

15 provide a lumen concentration equal to or greater than a concentration of said 
bioenhancer that reduces conversion of cyclosporine to hydroxylated products by 10% 
in an assay system containing 100 |ig human liver or enterocyte microsomes, 25 /zM 
cyclosporine, and an NADPH regenerating system in 100 /xl of 0.1 M sodium 
phosphate buffer, pH 7.4. 

20 

20. The method of Claim 17, wherein said bioenhancer comprises an inhibitor of P- 
glycoprotein-mediated membrane transport and said inhibitor is a hydrophobic 
molecule comprising two co-planar aromatic rings, a positively charged nitrogen 
group, or a carbonyl group. 

25 

21. The method of Claim 17, wherein said bioenhancer comprises an inhibitor of P- 
glycoprotein-mediated membrane transport and said inhibitor is present in the gut of 
said mammal at a concentration equal to or greater than a concentration that reduces 
transport of Rh 123 by P-glycoprotein in brush border membrane vesicles or P-gp- 

30 containing cells by 10%. 
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22. The method of Claim 17, wherein said amount is sufficient to produce a 
concentration of said bioenhancer in the lumen of the gut of said mammal of at least 
0.1 times said Kj or apparent Kiof said bioenhancer. 

5 23. The method of Claim 17, wherein said inhibitor comprises a cytochrome-P450- 
3A-inhibiting compound and a separate P-glycoprotein-inhibiting compound. 

24. The method of Claim 17, wherein said inhibitor comprises a single compound 
that inhibits both cytochrome P450 3A and P glycoprotein. 

10 

25. The method of Claim 17, wherein said bioenhancer is present as a counter ion 
of said pharmaceutical compound. 

26. The method of Claim 17, wherein said bioenhancer is covalently bound to said 
15 pharmaceutical compound. 

27. The method of Claim 17, wherein said pharmaceutical compound comprises an 
acetanilide, aminoacridine, aminoquinoline, anilide, anthracycline antibiotic, 
antiestrogen, benzazepine, benzhydryl compound, benzodiazapine, benzofuran, 

20 caimabinoid, cephalosporine, colchicine, cyclic peptide, dibenzazepine, digitalis 
glycoside, dihydropyridine, epiphodophyllotoxin, ergeline, ergot alkaloid, imidazole, 
isoquinoline, macrolide, naphthalene, nitrogen mustard, opioid, oxazine, oxazole, 
phenothiazine, phenylalkylamine, phenylpiperidine, piperazine, piperidine, polycyclic 
aromatic hydrocarbon, pyridine, pyridone, pyrimidine, pyrrolidme, pyrrolidinone, 

25 quinazoline, quinoline, quinone, rauwolfia alkaloid, retinoid, salicylate, steroid, 
stilbene, sulfone, sulfonylurea, taxol, triazole, tropane, or vinca alkaloid. 



30 
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28. The method of Claim 17, wherein said bioenhancer comprises an acetanilide, 
aminoacridine, aminoquinoline, anilide, anthracycline antibiotic, antiestrogen, 
benzazepine, benzhydryl compound, benzodiazapine, benzofuran, cannabinoid, 
cephalosporine, colchicine, cyclic peptide, dibenzazepine, digitalis glycoside, 

5 dihydropyridine, epiphodophyllotoxin, ergeline, ergot alkaloid, flavone, flavonoid, 
imidazole, isoquinoline, macrolide, naphthalene, nitrogen mustard, opioid, oxazine, 
oxazole, phenothiazine, phenylalkylamine, phenylpiperidine, piperazine, piperidine, 
polycyclic aromatic hydrocarbon, polyethylene glycol, pyridine, pyridone, pyrimidine, 
pyrrolidine, pyrrolidinone, quinazoline, quinoline, quinone, rauwolfia alkaloid. 
10 retinoid, salicylate, sorbitan, steroid, stilbene. sulfone, sulfonylurea, taxol, triazole, 
tropane, imsaturated fatty acid, or vinca alkaloid. 

29. The method of Claim 17. wherein said inhibitor is selected from said group 
consisting of the compounds listed in Tables 1 and 2. 

15 

30. A pharmaceutical composition produced by the process of Claim 17. 

31 . A method of increasing bioavailability of the active compound of an existing oral 
pharmaceutical composition, which comprises: 

20 reformulating said existing composition to provide a reformulated composition 

by admixing said active compound with a bioenhancer comprising an inhibitor of 
cytochrome P450 3A enzyme or an inhibitor of P-glycoprotein-mediated membrane 
transport, said bioenhancer being present in sufficient amount to provide 
bioavailability of said pharmaceutical compound when administered in said 

25 reformulated composition greater than said bioavailability of said pharmaceutical 
compoxmd when administered in said existing pharmaceutical composition. 

32. The method of Claim 31, wherein said reformulated composition comprises all 
components present in said existing pharmaceutical composition plus said 

30 bioenhancer. 
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33. The method of Claim 31, wherein said reformulated composition contains less 
than all components present in said existing pharmaceutical composition plus said 
bioenhancer. 

5 34. A reformulated pharmaceutical composition produced by the process of Glaun 
31. 

35. A method of identifying a compound useful for increasing bioavailability of a 
drug in a mammal, which comprises: 

10 screening candidate compounds by assaying for inhibition of a cytochrome P450 

enzyme or of transport by P glycoprotein by said candidate compounds in the gut of 
said mammal, and 

selecting from said candidate compounds a compound or compounds that inhibit 
either said enzymes or said transport in said gut. 

15 

36. The method of Claim 35, wherein said assaying is for inhibition of said 
cytochrome P450 enzyme in said gut. 

37. The method of Claim 35, wherein said cytochrome P450 enzyme is a member 
20 of a cytochrome P450 3 A family. 

38. The method of Claim 35, wherein said assaying measures inhibition of 
cytochrome P450 activity in isolated enterocytes or microsomes obtained from 
enterocytes or microsomes of said mammal. 

25 

39. The method of Claim 35, wherein said assaying measures inhibition of 
cytochrome P450 in a tissue or membrane from the gut of said mammal. 

40. The method of Claim 35, wherein said assaying measures inhibition of 
30 cytochrome P450 in vivo in the gut of said mammal. 
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4L The method of Claim 35, wherein said screening comprises assaying for both 
inhibitions. 

42. The method of Claim 35, wherein said assaying measures inhibition of P 
5 glycoprotein transport in isolated cells from the gut of said mammal. 

43. The method of Claim 35, wherein said assaying measures inhibition of P 
glycoprotein transport in a tissue or membrane from the gut of said manmial. 

10 44. The method of Claim 35, wherein said assaying measures inhibition of P 
glycoprotein transport in vivo in the gut of said mammal. 

45. A method for increasing bioavailability of a topically administered hydrophobic 
pharmaceutical compound, which comprises: 

15 topically administering said pharmaceutical compound to a manunal in need of 

treatment with said compound concurrently with a bioenhancer comprising an 
inhibitor of a cytochrome P450 3 A enzyme or an inhibitor of P-glycoprotein-mediated 
membrane transport, said bioenhancer being present in sufficient amount to provide 
bioavailability of said compound in the presence of said bioenhancer greater than 

20 bioavailability of said compound in the absence of said bioenhancer. 
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